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Expanding the use of simulation in open vascular
surgical training
Vikas A. Pandey, MD, FRCS, and John H. N. Wolfe, MS, FRCS, London, United Kingdom
Simulation technology has a well-defined role in nonmedical professions such as aviation and over the last two decades has
permeated medical training. The most successful surgical simulation is in the fields of laparoscopic and endovascular
surgery. These two-dimensional scenarios, as in the aviation industry, lend themselves to simulation. Open simulators
have been met with more resistance than their laparoscopic counterparts because of the difficulties in simulating the
three-dimensional field. Engaging in persistent practice is what makes the expert and all trainees should aspire to this.
Without knowing, all surgical trainees have engaged in deliberate practice when first learning to tie surgical knots. This
deliberate practice should be used in all aspects of vascular surgical practice, and it is no longer acceptable to perform
procedures such as arterial anastomoses for the first time on patients. Simulators exist for all aspects of vascular surgical
training and vary in complexity and price. Some of these simulators are suitable for use at home or in a skills laboratory
whereas others are more suitable for use in a specialized skills center. Training on these simulators can be offered at a local
level or at a regional level in the skills center. Where surgical procedures are not commonly performed or expertise is
required for a new innovation, it is more appropriate to have national or internationally based workshops under the
auspices of surgical boards or societies. Simulation of crisis management, well known in aviation, has also been applied to
vascular surgical practice and can offer benefit to senior trainees even when their performance on a noncrisis simulator has
reached a plateau. This article identifies the areas where simulation in open vascular surgery can benefit the trainee.
(J Vasc Surg 2012;56:847-52.)
s
w
t
p
j
l
d
o
d
d
c
l
a
a
m
m
t
m
t
a
p
c
a
eWhile simulation technology has been embraced in
many fields, such as the aviation industry and Formula One
car racing, to name but two, its value in open vascular
surgery has been met with a degree of skepticism. The
interpretation of behavioral clues and the necessary coordi-
nation in aviation is explicit, resulting from preset instruc-
tions in a highly standardized environment.1 Simulating
the responses of two-dimensional data on cockpit consoles
is more straightforward than simulating three-dimensional
anatomy in an operating theater. It is, therefore, no surprise
that the first successful surgical simulators involved laparo-
scopic surgery where information is portrayed on two-
dimensional screens. Similarly, endovascular surgery using
computerized simulators has met with some degree of
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e argue that it has an important role.
To assess current training in vascular surgery, we need
o break down surgical competence into its component
arts. Surgical competence requires knowledge, clinical
udgment, communication, a critical understanding of the
iterature, and operative skill. In this article, we are only
iscussing open operative skill.
There is now sufficient information to address the role
f simulation in open vascular surgery in light of changing
emands. Hours available for surgical training have been
rastically reduced, particularly in Europe,3,4 and the con-
ept of learning or perfecting surgical skills on patients is no
onger acceptable.
The Center for Research in Education in Toronto
dvanced research into simulation both as a training and
ssessment tool. Their early work demonstrated perfor-
ance on simulators correlated significantly with perfor-
ance on live animal models.5 They then demonstrated
he transferability of technical skill acquired on bench
odels to cadaveric models.6 A few enthusiasts have
aken this research forward in vascular surgery. Datta et
l recorded 22 surgeons (novice, intermediate, and ex-
ert surgeons) performing saphenofemoral junction dis-
onnection (SFJD) on a bench model and then on an
nesthetized patient (trainees supervised by their train-
rs) and, as will be later discussed, found a significant
orrelation in performance between the two.7 In recent
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of open vascular surgery, and their use can be tailored
according to the level of surgeon.
Beard et al tested the technical performance of 33
trainees performing three SFJDs in the operating theater,
rated by one consultant using a task-specific and global
checklist. Procedural time, duration of training, and num-
ber of previous SFJDs performed were also recorded. A
significant predictor of operative competence was the num-
ber of previous SFJDs performed. They suggested a mini-
mum of 30 operations to gain operative competence.8
However, as Darke reported on his own unit, trainees are
not a homogenous group. He concluded that with stan-
dardized training in carotid endarterectomy (CEA), train-
ees learned at slow, intermediate, or fast rates, achieving
competence after a variable number of procedures.9
Ericsson from the department of Psychology at Florida
State University championed the term of “deliberate prac-
tice” for the acquisition of expert performance.10 In studies
across several domains, including dance, music, and chess
as well as medicine, he concluded the highest levels of
human performance could only be attained after 10 years of
deliberate practice.11 He argued genius is not born but is
created and is the product of intense practice and dedicated
coaching, and the key to becoming an expert in all domains
is to push yourself beyond your abilities and comfort
level.12
In Europe, directives from the European Commission
limit the maximum number of hours trainees work, so even
the most committed surgical trainees are unable to push
themselves without breaching the law. In the United
States, a drive to shorten the length of training has led to a
similar dilemma.13
Bismuth recognized that it would be impossible to
apply Halsted’s apprenticeship model of “learning by do-
ing” to modern vascular surgical practice as the trainee’s
experience is based on what the trainee encounters in a
varied clinical practice.14He argued the case for delineating
the curricula for trainees and promoted the use of simula-
tion in vascular training and certification. Bismuth’s con-
cerns were linked to the relationship between hospital
volume (and surgeon caseload) and outcomes in patient
care. This correlation has been established for many years15
and, more recently, meta-analyses in vascular surgery have
demonstrated similar findings,16 the authors arguing
strongly for the centralization of vascular services.17 Cen-
tralization of vascular services may reduce haphazard surgi-
cal training and improve operative volume and outcome for
both the patient as well as the trainee.
FUNDAMENTAL SKILLS
Ericsson remarked, as a profession, we should capitalize
on the enormous potential of simulator-based training and
junior surgeons would be the greatest beneficiaries of this.
Likening surgical training to music, where musicians en-
gage in hours of practice working on selected difficult
passages, surgeons could engage in practice outside the
operating theater (in a skills laboratory or at home). Unlike cn operation, the simulation can be stopped at any time,
llowing the trainee time to reflect, correct any mistakes,
nd repeatedly practice difficult parts of the procedure.10
Most junior surgeons unknowingly engage in deliber-
te practice when they first learn to tie surgical knots.
odels have existed for many years to allow trainees the
pportunity to learn and perfect the art of knot-tying.18
ascular surgery requires the use of fine monofilament
utures. A badly laid down knot has critical consequences,
o despite the simplicity of this model, one should not
nderestimate its importance.
Similarly the anastomosis, one of the bedrocks of vas-
ular surgery, has a definite learning curve. Two studies
rom our institution have demonstrated technical perfor-
ance is related to clinical outcome. In the first study, 21
urgeons with varying levels of experience were filmed
erforming arteriotomy closure on a bench model with
hree measures of assessment. First, global scores are rated
sing videotape footage with expert assessors blinded to the
dentity of the operator. Second, surgical dexterity is as-
essed using electromagnetic motion sensors worn on the
orsum of both hands (based on the assumption that more
xperienced surgeons have greater economy of move-
ent). Lastly, anastomotic leak-rate is measured by sub-
ecting the bench model to pressurized pulsatile water-flow
ver a 2-minute period. All three outcomes improved sig-
ificantly with increasing experience of the operator.19
imilar findings were also seen when performing an end-
o-side arterial anastomosis on a bench model.20 A subse-
uent study examined the learning curve of two experi-
nced cardiothoracic surgeons performing a robotic-
ssisted internal mammary to left anterior descending artery
ypass on a beating heart model before robotic-assisted
oronary bypass surgery became routine practice in our
nstitution. Assessment tools were the same as in the previ-
us study but leak-rate measurement was substituted for
nastomotic cross-sectional area (measured using pixel
nalysis) to quantitatively assess the operative end product.
etween the first and fifth repetitions there was a 20% to
5% improvement in motion-analysis scores and an im-
rovement in the circumference-to-area ratio of the anas-
omosis by 30% to 40%.21
Intuitively, junior trainees should not be performing
nastomoses for the first time on patients, regardless of the
uality of supervision. To aid the trainee, numerous vascu-
ar simulators are available, varying in sophistication. Many
f these have found a place in skills laboratories that are
ecoming increasingly commonplace in hospitals and uni-
ersities worldwide. Weale and Mitchell described a home-
ade anastomosis jig using materials available at any gar-
en center.22 However, as these simulators become more
ealistic, so their cost increases.
Grober et al showed the simulator fidelity had no
mpact on acquisition of skill in urological microsurgery.
ifty surgeons were divided into three groups; group one
eceived training on a high-fidelity model (rat vas deferens),
roup two received training on a low-fidelity model (sili-
one tubing), and group three received only didactic lec-
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Volume 56, Number 3 Pandey and Wolfe 849tures. At the end of the course, the trainees performed a
microvascular anastomosis on the rat vas deferens. Needless
to say, the two groups receiving hands-on training per-
formed better than the “control” group, but there was no
difference between the first two groups.23
A later study by Sidhu et al compared the effects of
bench model fidelity in laboratory-based vascular anasto-
mosis training. Thirteen surgeons performed an anastomo-
sis on a bench model and 14 on human cadaveric brachial
arteries. One week later all trainees were assessed perform-
ing a femoral anastomosis on a live anesthetized pig. The
trainees given training on the cadaveric model performed
better in the assessment.24 This may have been due to
increased proficiency at setting up prior to the anastomosis
and better tissue handling in this group compared to the
group given training on the benchmodel. This study would
support the use of cadaveric and other similar high-fidelity
models in more advanced vascular training.
INTERMEDIATE LEVEL SKILLS TRAINING
Unlike the anastomosis, dissection is more difficult to
simulate. Improved embalming techniques have made the
use of cadavers more realistic, for example, to expose crural
arteries. Nevertheless, cadavers require specialist storage
facilities and their availability is limited.
The SFJD model was specifically designed to train
dissection skill. The model, a combination of silicone,
representing fat and fluid-filled latex vessels, is held within a
base with surface landmarks. Constituents of the replace-
able block allow the surgeon to peel tissue away from the
vessel as one would do in the operation. This model is
relatively expensive at $460 for the base and two replace-
able operation blocks (replacement blocks costing $235 a
pair). An arterial procedures trainer simulating femoropop-
liteal and femorodistal anastomosis together with CEA,
abdominal aortic aneurysm (AAA), and iliac aneurysm re-
pair costs $2600. These costs put this simulator out of the
reach of the average trainee but within the reach of skills
laboratories and workshops. These costs can be defrayed
against the cost of additional time taken to train a surgeon
in the operating theater, which the UK National Health
Service estimates to be £15 per minute in an average district
hospital.25
Saphenofemoral junction disconnection was always
considered an excellent training operation for junior train-
ees, but with the popularity of endovenous surgery, it is
being performed less often. There will, however, be some
cases not suitable for endothermal ablation. In a situation
analogous to the debate following the introduction of
laparoscopic cholecystectomy, will trainee surgeons be able
to perform the open procedure?
In a study of 50 surgeons stratified by experience,
performance on the SFJD model correlated with the se-
niority of the operator (P .001) and the greatest learning
on this model was in the early postgraduate years of surgical
training (P  .001). Interestingly, differences were seen
between newly appointed and senior consultants, suggest-
ing refinements in technical skill continuing beyond the araining years.26 Trainers often question whether perfor-
ance on simulators reflects skill in the operating theater.
his was discussed in the paper cited earlier by Datta et al
ho compared the performance of 22 surgeons on the
imulator with performance on an anesthetized patient. On
linded videotape analysis using validated rating scales,
here was a significant correlation between the trainees’
revious experience with both skills in the operating theater
r  .824, P  .001) and on the bench model (r  .515,
 .05). There were no differences between individual
urgeons’ performance in the operating theater and the
ench model (P  .559).7
Black et al compared the performance of 41 surgeons
13 junior and 15 senior trainees and 13 consultants) on a
EA bench model. Senior trainees performed better than
unior trainees with respect to generic (P  .001) and
rocedure-specific elements (P  .001) of the procedure,
ut senior trainees and consultants could not be differenti-
ted on this simple model.27
A study addressing the acquisition of skills on an AAA
imulator found overall objective improvements in opera-
ive performance. Fifteen consecutive workshop partici-
ants performed a proximal aortic anastomosis before and
fter intensive workshop training. This was videotaped,
linded, and independently assessed by three assessors in
andom order. Generic and procedure-specific perfor-
ance improved significantly over the 3 days (P  .01).
perative time was reduced (P .05) and the end product
cored higher (P  .001).28
ORKSHOP-BASED TRAINING
Local training. In the United Kingdom, the impetus
or the development of clinical skills centers came from the
eneral Medical Council; Dacre29 published a practical
uide on the development of a clinical skills center. It is not
nreasonable that every institution engaged in postgradu-
te surgical training has a skills laboratory. The basic re-
uirements for a laboratory offering vascular surgical train-
ng are simple bench-top jigs, surgical instruments, sutures,
nd grafts. Such rooms can be used for departmental
ands-on teaching or self-directed practice to augment
linical practice. A number of units in the United Kingdom
ffer open access to skills centers for self-directed practice in
he trainees’ free time, for example, during quiet periods
n-call, in between cases in the operating theater, or on
imetabled days off. In addition it can be included in the
rainee’s timetable.
A study from our unit assessed the efficacy of weekly
imulator training for surgical trainees. Ten novice sur-
eons were given hands-on training on a CEA bench
odel. Their performance was compared against self, an
ntermediate group of 10 postmembership trainees, and a
ontrol group of 10 senior registrars. At initial assessment,
he novice group performed significantly worse than their
enior counterparts (P  .0001) but showed a significant
mprovement in their global scores and end-product assess-
ent (P  .001) from their first to their final (week six)
ssessment.30
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September 2012850 Pandey and WolfeRegional training. The increased cost of more sophis-
ticated simulators requires centralization of workshop-
based training to maximize their use. The London Post-
graduate School of Surgery offers a fully funded monthly
half-day teaching to all general and vascular surgical train-
ees across London with a generic program (appendectomy,
hernia repair, and principles of laparoscopy, including su-
turing, knot-tying, appendectomy, cholecystectomy, and
fundoplication) in the first year and a speciality-specific
program in subsequent years.31 The training is provided in
a single institution in the form of small group teaching with
a maximum of eight trainees per session. Training is given
in vascular anastomosis and later in femoropopliteal and
femorodistal anastomosis. Venous and endovenous train-
ing is delivered, and finally, trainees are taught CEA and
AAA repair. This is a rolling program led by local experts in
the field. Trainees are formally assessed performing the
procedures, the program is repeated, and the trainees reas-
sessed to ensure progression. This also provides a measure
of quality control. The analysis of the data from this re-
gional training is ongoing. The benefits of this model of
training are that all trainees have exposure to some of the
more sophisticated simulators and receive teaching from
experts from other units.
National training workshops. Where a procedure is
not commonly performed and expertise is localized, a na-
tionally based workshop is usually the most appropriate (for
example, workshops in complex aneurysm repair). In the
United Kingdom, national workshops fall under the remit
of the surgical Royal Colleges. Over the years, the colleges
have run a number of highly successful courses, including
femorodistal arterial reconstruction with cadaveric models.
Other courses have included approaches to the vessels of
the neck and upper limb, advanced skills in vascular surgery,
aortic repair, and amputation.32 Although comparatively
expensive, the college courses have the support of most
training units in the country and the costs are usually
reimbursed from the trainees’ study leave budget.
The Simuvasc group invite all Spanish vascular trainees
to their training facility. The course, including travel costs
and accommodation, is wholly funded by industry. The
basic course is offered to trainees in their first years of
training. Training is given on arterial exposure on cadavers
and infrainguinal revascularization and reconstruction on
simulators. The advanced course offers similar facilities but
also includes specific training on CEA and AAA repair.33
These are two examples among the many early national
initiatives that exist.
International workshops. The European Society for
Vascular Surgery (ESVS) has run successful open work-
shops alongside their annual scientific meeting in Septem-
ber since the late 1990s. These simulator-based training
courses include lower limb revascularization, carotid end-
arterectomy, and a complex aneurysm workshop. Such is
the popularity of the ESVS workshops that there has been
significant demand for outreach workshops across Europe.
The ESVS provides the simulators, instruments, and faculty lor the workshops. These workshops reduce the need to
ravel and are particularly popular in Eastern Europe.34
Foundation Vascular International runs an annual
ourse in Pontresina, Switzerland with advanced arterial
imulators that replicate themajority of index procedures in
pen vascular surgery.35 This course focuses on intensive
raining over a 3-day period with a high faculty-to-trainee
atio. The focus of the advanced course is the management
both open and endovascular) of aneurysmal disease but
ncludes distal bypass, CEA by both techniques, and carotid
tenting.
One’s intuitive feeling is that these simulators can only
rovide training to a certain level. Nevertheless, there are
any more complex techniques and “tips and tricks” that
an be taught to a group of surgeons, for example, methods
f dealing with anastomotic bleeding and loose or broken
utures.
DVANCED SURGICAL TRAINING
The most significant problems involving operative
ompetence relate to the management of unforeseen cir-
umstances and crises. These can be broadly divided into
perative and nonoperative skills, both of which have been
valuated and validated using virtual reality simulation in an
perating theater in our institution.
The virtual operating theater is identical to a regular
perating room (with the exception of an absent clean air
ystem). Physiological parameters of the “patient,” a man-
equin, can be changed remotely. It is currently used for
he training of surgeons, anesthetists, and nursing staff in
ommunication and team training36 and for training of
urgical crisis management. In an early study, 20 junior
n  10) and senior (n  10) trainees were exposed to
leeding from the femoral vein during SFJD (using the
reviously described simulation block, strapped to the
annequin and covered with surgical drapes). Consider-
ble variations were seen in technical and team skills. Junior
rainees took longer to diagnose bleeding (P  .01), con-
rol bleeding (P  .001), and close the laceration (P 
001).37
Black’s previous study of CEA on a bench model
howed no difference between senior trainees and consul-
ants, suggesting a similar level of basic technical skill and
nowledge required to perform this procedure.27 He went
n to assess surgeons using the model strapped to an actor
n the virtual operating theater with full drapes and sterility.
hirty surgeons (10 junior trainees, 10 senior trainees, and
0 consultants) each performed two concurrent CEAs. The
rst case was uncomplicated. In the second case, the actor
imulated a stroke 3 minutes after application of the carotid
lamps. In the noncrisis scenario, none of the junior train-
es reached a level of operative competence; all the consul-
ants were competent in the procedure as were all but one
f the senior trainees. However, when it came to nonop-
rative communication skills, the senior trainees were not as
ighly tuned (P  .001). Following introduction of the
risis scenario, the number of senior trainees reaching a
evel of operative competence dropped significantly, most
AC
A
D
W
C
F
S
O
O
R
1
1
1
1
1
1
1
1
1
1
2
JOURNAL OF VASCULAR SURGERY
Volume 56, Number 3 Pandey and Wolfe 851were shaken by their inability to orchestrate the theater
under these circumstances, and only five of the 10 senior
trainees reached the threshold of operative competence in
the management of this surgical crisis (P  .01).38 These
results, although entirely predictable, suggest that the CEA
model used in this environment can be a useful teaching
tool, and since the majority of trainees will rarely see a
stroke during a CEA, simulating that experience before it
arises is of value.37
SIMULATION IN SURGICAL ASSESSMENT
The Fellowship of the European Board of Vascular
Surgery (FEBVS) examination was introduced in 1996. It
was recognized that training varies considerably across the
European Union (EU) and EU directives allow profession-
als to work in any country within the Union with qualifica-
tions obtained from their country of origin. The FEBVS
“harmonized” training and set standards recognized across
all countries within the European Union of Medical Spe-
cialists (UEMS). Assessment of open technical skill has
been a part of the FEBVS examination since 2002, but
before introducing operative skill, the techniques of assess-
ment had to be rigorously validated.39 The elements tested
include dissection skill using the SFJD model and anasto-
motic skill using a leg model simulating a crural anastomo-
sis. Finally, surgical dexterity was objectively measured
using a knot-tying jig in conjunction with electromagnetic
motion sensors quantifying economy of movement. Pilot
studies tested experienced examiners as well as examination
candidates and found significant differences in dissection
skill (P  .001), anastomotic skill (P  .002), and surgical
dexterity (P  .005) between examiners and candidates.40
The FEBVS has evolved since these pilot studies and now
tests endovascular skill as well as skill in performing a
proximal aortic anastomosis.
CONCLUSIONS
Vascular surgical simulation has obvious value to all
levels of surgeons and has a definite role in enhancing the
learning curve of junior surgeons away from the pressures
of the operating theater. Skill centers and laboratories are
becoming commonplace and with reductions in working
time and operative exposure provide an invaluable addition
to any institution involved in surgical training. These ven-
ues provide local teaching and allow self-directed deliberate
practice. Centralized regional training courses can offer
benefits to the greatest number of surgical trainees as well as
maximizing the usage of some of the more expensive
surgical simulators. National and international courses are
useful for procedures that are not commonly performed or
where expertise can be concentrated for a few days. Crisis
management training in a virtual operating theater environ-
ment can aid the management of crises that can have
devastating consequences. The adjuncts to training de-
scribed in this article have obvious benefits to trainees and
trainers and clearly have patient safety at their core.UTHOR CONTRIBUTIONS
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